Open-loop active flow control is used to modify the spanwise distribution of circulation around an NACA 0012 and flat plate wing. The leading edge on both airfoils and tip regions of the NACA airfoil contain spatially localized actuators that can be independently controlled in terms of amplitude and frequency, allowing the spanwise distribution of circulation to be modified. Different orientations of the pulsed-blowing actuators were used to provide upstream, downstream, in-line with the flow, and outward span components of actuation. The actuation effectiveness was documented using force balance measurements of the lift and drag, smoke-wire visualization, surface pressure measurements and PIV velocity field measurements. Actuation with an upstream component is shown to be far more effective in reducing the separated region than actuation in the streamwise direction. Initial measurements of the change in circulation on the suction surface of the airfoil indicate that spatially localized forcing produces global changes over the wing, primarily associated with the reduction in size of the separated flow region. 
Introduction
The objective of this experiment is to explore the ability of active flow along the leading edge and tip region of finite span wings to modify the leading-edge and tip vortex (LEV/TV) system. The longer term goal is to extend the range of aspect ratios and Reynolds numbers for which steady lift can be maintained at very high angles of attack (AOA), while realizing benefits associated with higher aspect ratio aerodynamics during cruise. Control of the leading edge vortex is expected to enhance maneuverability by stabilizing or synchronizing vortex shedding during pitch, yaw, and roll, and in response to gusts. The premise for leading-edge and tip vortex control is based on biological fliers. Insect wings are remarkable for their ability to stabilize the LEV that prevents stall at high angle of attack, but without active flow control that stability appears to be limited to an aspect ratio < 3 and Reynolds number (Re) ≤ 10 4 . There is a strong interplay between the tip vortex and leading edge vorticity generation 1 , and in all flapping flight, vortex shedding is carefully synchronized to regulate aerodynamic forces. Similarly, previous work in open-loop separation control at high Re shows that pulsed air injection can lead to more organized vortex shedding that results in higher lift and smaller mean separation bubbles. However, open-loop performance deteriorates subject to disturbances that desynchronize the actuationshedding phase lock. Ultimately to robustly exploit these high-lift mechanisms, closed-loop controllers will use sensors to track the estimated circulation and position of LEV, and apply control based on low-order models of the fluid dynamics of flow over the wings. An overview of the project can be found in the article by Colonius, et al. The concept of lift augmentation by spanwise blowing was studied by Dixon 3 , who showed that the leading edge vortex could be prevented from shedding when a jet of air was blown laterally over the suction surface of the airfoil. Spanwise blowing was speculated to create sweep effects, similar to delta-wings. Dixon used a single jet positioned near the root of the wind and at the c/4 location on a rectangular flatplate wing with aspect ratio 4.7. Steady blowing with momentum coefficients from C µ = 0.29 to 0.82 increased the maximum lift coefficients from C L = 1.3 to 2.5.
Here we explore the possibility of achieving a similar stabilization of the leading edge vortex, by adding a spanwise component to the pulsedblowing jets from actuators distributed along the leading edge and tip regions of the test airfoils. The response of the airfoil flow to individually controlled actuators with open loop forcing is being documented to provide the background information needed to develop a closed loop control model. A particularly important measurement was to determine the degree of influence the pulsed-blowing actuators will have on the spanwise circulation distribution. American Institute of Aeronautics and Astronautics
II.

Experimental Setup
The leading edge and tip vortex interaction studies are being conducted under steady and dynamic conditions in the Andrew Fejer Unsteady Flow Wind Tunnel shown in Fig. 1 . The test section cross-section is .61m by .61. Chord Reynolds numbers can be varied from Re c = 30,000 to 1,000,000. A computer controlled shutter at the downstream end of the test section allows the freestream speed to be modulated at frequencies up to 4 Hz. The wind tunnel fan speed and shutter mechanism are controlled with a feedback tracking algorithm developed by Professor Rowley at Princeton University. With this system it is possible to simulate variations in flight speed during complex maneuvers.
The two airfoil models used in the experiments were mounted on a sting connected to a force balance and pitching mechanism. The NACA 0012 and flat plate airfoils had a chord c = 203mm, span b = 406mm, and aspect ratio AR = 2. The flat plate airfoil had a thickness of 14 mm (.56 in.) giving a thickness ratio t/c=0.07. A 5:1 elliptic leading and trailing edges were used similar to the design of Torres and Mueller 4 . Both airfoils are shown in Fig. 2 . Actuation of the NACA 0012 consisted of four pulsed-blowing slots positioned along each wing tip, and eight slots located along the leading edge. Each actuator was isolated from its neighbor, and could be individually activated. For the flat plate (thin airfoil), 16 actuators were located along the leading edge. The leading edge was modular, and could be exchanged with other leading edges to change the direction of actuation. A drawing of the leading edge for upstream blowing configuration is shown in Fig. 3 . The diameter of each actuator jet hole was 0.79 mm (0.031in.), and angled 10 o upward from the chord line of the airfoil. Straight-blowing actuation used jets aligned with the flow, whereas, outward blowing actuation used the same configuration as shown in The structure of the separated flow region was mapped using a two-component digital PIV from IDT, Inc. Overall force and moment measurements were obtained with an ATI Nano-17 force balance system.
III. ActuatorCalibration
The flow rate through individual actuators was measured using two independent flow measuring instruments, a Meriam Instruments laminar flow element model 50MJ10 (LFE), and a Singer model DTM-200 dry test meter. The LFE measures the flow rate by measuring the differential pressure across an orifice, whereas, the dry test meter is a totalizing flow meter that records the volume of fluid passed through it in a given time. Air was supplied to the actuator through the laminar flow element, while the dry test meter was connected to the outlet of the actuator.
Actuators were also calibrated with a hot-wire anemometer in combination with the dry test meter. In this case all 16 actuators were connected inside the flat plate wing. Air to the actuators was supplied through a single settling chamber inside the wing. The settling chamber was supplied by four 3. Hot-wire measurements were done with a shim on the nose piece creating a downstream flow. The hot-wire sensor was placed approximately 3 mm from the exit of the actuator slot, and traversed across to locate the position of maximum velocity. Additional hotwire measurements were done at the location of maximum velocity, while varying the supply pressure to the actuators.
A dry test meter was connected between the air supply line and the pressure gauge to measure the total flow rate supplied to the actuators. These tests were carried out for both steady and pulsed blowing. For pulsed blowing, the total flow rate measured with the dry test meter was halved, since with a 50 percent duty cycle only half the air supplied to the actuators actually contributed to the momentum addition to the flow, while the remaining air was vented back through the sting when the micro-valves were closed. The momentum coefficient was calculated using a jet area based on d jet = 0.79 mm (1/32 in.) as American Institute of Aeronautics and Astronautics the diameter for each of the 16 actuator exit holes on the wing. Fig.6b shows mean and r.m.s. velocities exiting the actuator as the supply pressure is increased. As expected the velocity increases as the square-root of the supply pressure.
IV.
Results from Open-Loop Forcing Tests A.
Comparison of upstream and downstream actuation
The baseline lift and drag measurements shown in Fig. 5 indicate that stall on the flat plate airfoil begins at α = 14 o . The stall is actually a gradual process that develops from a trailing-edge separated flow region, beginning at the mid-span and then spreading in the upstream and spanwise directions as the angle of attack increases. Similar behavior was observed with the NACA 0012 airfoil. By an angle of attack of 16 o the mid-span region of the flat plate airfoil is fully separated, but only partially separated near the tip regions.
The separated flow region is visible in the smoke-wire images shown in Figs. 7a and 7b . Figure 7a shows the flow at the mid-span of the airfoil, and Fig. 7b shows the ¼-span location. The separated region is highly unsteady, and two large vortices are visible in the shear layer. 
(a) (b)
The effect of upstream forcing with steady-blowing actuators is shown in Fig. 8 , with Fig. 8a and 8b corresponding to the mid-span and ¼-span locations, respectively. The size of the separation region is visibly smaller in Fig. 8b with actuation, while the mid-span visualization shows unsteadiness with smaller scale vortices in comparison to the baseline case. The ¼-span location appears to be almost fully attached in Fig. 8b once the active flow control is activated. There also appears to be a reduction in the amount of large-scale turbulence. 
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A more quantitative measure of the effect of upstream actuation on the separated region comes from the PIV measurements shown in Figs. 9a-d . The size of the recirculation region is decreased with steady blowing, as can be seen by comparing the streamlines, but has not been completely eliminated. This is consistent with the flow visualization images at the mid-span. The center of the recirculation appears as a focus in the streamline patterns, which we believe is the result of a strong spanwise component of flow in the recirculation region.
The maximum values of negative Reynolds stress (u'v') are found near the dividing streamline over the separated flow region, and indicate a transfer of energy from the mean flow into the turbulent flow. In the actuated case (Fig. 9b) the Reynolds stress shows a strong positive value near the leading edge, possibly associated with the strong favorable pressure gradient in the leading edge region. Comparison of Figs. 9c and 9c show that the upstream actuation accelerates the formation of the negative Reynolds stress region, resulting in the elimination of the recirculation region. A significantly different response of the lift coefficient is seen with the upstream actuation, shown in Fig. 10b . A close-up of the rapid change in C L is shown in Fig. 10c . The maximum increase in lift occurred at very low amplitude forcing and saturated almost immediately. The lowest resolvable supply pressure with our control system pressure regulator was 860Pa (0.125 psig). The maximum lift increment occurred at 1.72 kPa (0.25 psig) corresponding to C µ = 8.3x10
-5 percent, which is two orders of magnitude lower than that achieved with downstream American Institute of Aeronautics and Astronautics actuation. While this is a very encouraging result, suggesting that forces on an airfoil may be controlled with extremely low forcing amplitudes, we caution that the reasons for the upstream actuation efficiency are not fully understood yet. We cannot be certain that the results will translate to cambered airfoils, or airfoils with a different leading-edge configuration. Furthermore, the PIV and smoke visualizations show that the saturated state with upstream actuation does not completely eliminate the flow separation in the mid-span region of the airfoil. Four different types of actuation are shown in Fig. 10 ; namely, (1) steady-straight, (2) steady-outward, (3) pulsed-straight and (4) pulsed-outward, where straight refers to being along the x-axis and outward indicates a 45 o angle toward the tips of the airfoil as previously indicated in Fig. 4 . The effects of the four types of downstreamoriented actuation are shown in Fig. 10a , where it can be seen that the outward-span pulsed blowing at f=5Hz (F + =.067) is the most effective at increasing the lift coefficient. However, when upstream actuation is used, then straight-steady actuation is the most effective at the low amplitudes and outward-steady becomes more effective at the higher forcing amplitudes. 
B. Spanwise Circulation Control
As mentioned in the Introduction, one of the main objectives of the MURI project is to gain control over the leading edge and tip vortices. Low-Reynolds number experiments suggest that this may be achieved by control of the spanwise distribution of circulation. To document the spanwise distribution of circulation we used PIV measurements at eight spanwise locations extending from the mid-span to the tip of the airfoil on both the flat-plate and NACA 0012 airfoils. Due to optical access limitations, only the flow over the top surface was recorded, so the circulation measurement was limited to the suction surface of the airfoil. Averages of the mean and r.m.s. velocity components, and Reynolds stress were computed from 100 image pairs. Since the lift at α=0 o is nearly zero (except for flow asymmetry caused by the airfoil support sting), the overall circulation should also be zero. However, the circulation on the upper surface will be non-zero, because of the finite thickness effect. Therefore, the circulation on the upper surface at α=0 o was used as a reference, and the change in circulation from the reference state associated with change in angle of attack and the effects of forcing were computed.
The change in the circulation computed from the upper surface velocity field is shown in Fig. 12 for different forcing conditions on the flat plate airfoil with upstream actuation. Both outward span and straight blowing leading edges were used. In terms of overall lift enhancement, the straight blowing actuator, operating at f=150 Hz pulsing frequency was slightly more effective than upstream steady blowing. The straight-upstream actuator configuration had the largest influence on the circulation in the mid-span region, which accounts for the largest lift enhancement. The outward-span actuation had only a minor influence on the circulation in the mid-span region of the airfoil, because the flow was directed away from the mid-span toward the tip regions. None of the actuators influenced the circulation beyond y/(b/2)=.80. Similar open-loop control experiments were conducted on an NACA 0012 airfoil at a lower Reynolds number, Re c = 68,000. Actuators were distributed along the leading edge and tip regions in an effort to modify both the leading edge and tip vortices. In contrast to the flat plate airfoil, these actuator jets were directed downward through slots along the leading edge, in an effort to use the Coanda effect to modify the flow. PIV measurements of the velocity magnitude are shown in Figs. 13a and b . The effectiveness of a single actuator located at the mid-span of the airfoil is shown in Fig. 13b. Comparing Figs 13a with 13b , it is clear that the size of the separated flow region has been reduced with pulsed-blowing actuation at C μ = .125 percent, and F + =2. The spanwise distribution of circulation measured over the NACA0012 airfoil is shown in Fig. 14 . Each curve corresponds to a different actuator being activated. Actuators 1 -4 were located along the leading edge, while actuators 4 -6 were placed along the tip. Irrespective of which actuator was used, the circulation was primarily increased in the central span region of the airfoil, y/(b/2) < 0.5. Actuator #1 located in the mid-span region had the largest effect, but even actuator #4 located at the tip would influence the mid-span circulation. 
Summary
The results from experiments aimed at enhancing wing performance on two finite span airfoils, a flat plate airfoil and an NACA 0012, were reported. Different approaches to actuation with steady and pulsed-blowing jet actuators were examined, as a means to gain control over the spanwise distribution of circulation. Actuation directed in the downstream direction gradually reduced the size of the separated flow region in the mid-span region of the airfoil. With upstream directed forcing, the actuation effect saturates at very low forcing levels, but does not completely eliminate the separated flow region on the airfoil. The differences in the response of the separated region to upstream and downstream forcing amplitudes are dramatic, suggesting that the physics associated with the reduction in the flow separation region are different.
Measurements of the Reynolds stress show that the maximum negative values occur along the dividing streamline over the separated flow region. When active flow control is used, a region of strong positive Reynolds stress is formed at the tip of the airfoil. The size of the recirculation region is reduced and the negative Reynolds stress region moves closer to the leading edge of the airfoil.
Changes in the spanwise distribution of circulation were achieved in the mid-span region, and these changes coincide with the reduction in the size of the separated flow. However, little change was observed in the circulation near the tip at y/(b/2) > 0.8.
VI.
